Multiple neuropeptides are known to regulate water and ion balance in Drosophila 3 2 melanogaster. Several of these peptides also have other functions in physiology and 3 3 behavior. Examples are corticotropin-releasing factor-like diuretic hormone (diuretic 3 4 hormone 44; DH44) and leucokinin (LK), both of which induce fluid secretion by 3 5
The postulated functions of LK and DH44 are, with a few exceptions, not 1 0 3 assigned to specific neurons. Using the GAL4-UAS system [38] we interfered with LK 1 0 4 and DH44 expression in the ABLKs and analyzed in vivo effects on tolerance to various 1 0 5 stressors, as well as feeding and water retention. We also employed an assay to 1 0 6 monitor the combined activity of DH44 and LK on secretion in MTs. These peptides act 1 0 7 on different cell types of the Drosophila MTs and activate different signaling pathways 1 0 8 [33, 34] , yet we show that they display an additive stimulatory effect on secretion. Thus 1 0 9
we can show that the ABLKs, and therefore, the hormonal actions of the two peptides, 1 1 0 are sufficient for regulating water and ion homeostasis and associated stress functions, 1 1 1 but can also affect food intake, perhaps by an indirect action caused by diuretic activity. This suggests that the LK and DH44 neurons in the brain are important for the 1 1 3 additional functional roles listed above, and it remains to be determined whether these 1 1 4 functions are in any way linked to those of the ABLKs. All fly strains used in this study ( these parameters were also recorded by selecting a region that has no fluorescence For measurement of water content, 10-15 flies were frozen on dry ice and their weight water content of the flies was determined by subtracting dry weight from wet weight 1 8 0 (see [46] ). were left to secret for 30 minutes and non-secreting tubules were replaced to form a 1 8 7
data set of 10-15 secreting tubules. Basal secretion was measured for 30 min at 10 min Moreover, Lk-GAL4 also drives ectopic expression in salivary glands ( Figure 1E ).
2 2 4
Although we tested two additional Lk-GAL4 driver lines (Table 1) , we utilized this Lk-2 2 5
GAL4 for subsequent knockdown experiments because its expression is stronger than, 2 2 6 or more specific than the other Lk-GAL4 lines ( broadly in larval ( Figure S1F , G) and adult CNS ( Figure 2 ). In larvae, predominant 2 3 7 expression was detected in the six MNCs in the brain ( Figure S1F ) and seven pairs of 2 3 8 neurosecretory cells in the VNC ( Figure S1G ); however, some of these cells in the VNC 2 3 9
were not visible in both hemiganglia. In adults, expression was again detected in the six 2 4 0
MNCs (Figure 2A ) and at least four cells dorsally ( Figure 2B ) and at least six cells 2 4 1 ventrally in the posterior VNC ( Figure 2C ). Since there was a good overlap in GFP expression data show that there is no overlap in LK and DH44 expression in the brain of adult ABLKs ( Figure 3B , D and Figure 4B ). Interestingly, all the larval ABLKs co-express 2 5 3 DH44, but in adults only four to eight ABLKs express DH44 ( Figure 4 ). Furthermore, the 2 5 4 majority of these DH44 expressing ABLKs in the adults appear to be the ones that are 2 5 5 10 generated during postembryonic neurogenesis. However, we cannot rule out the 2 5 6 possibility that DH44 is present with a very low expression in other ABLKs. Having shown that LK and DH44 are co-expressed in ABLKs, it now becomes apparent 2 6 0 that the previous studies employing genetic ablation, and activation or inactivation of LK these previous studies using RNAi-based knockdown, but we can also study the 2 6 4 specific functions of ABLKs using intersectional crosses. Consequently, we utilized Lk-2 6 5
GAL4 and DH44-GAL4 to knock down both Lk and DH44 and assayed for effects on 2 6 6 stress tolerance, feeding and water content. As controls in all experiments we used the 2 6 7 parental GAL4 and UAS lines (in w 1118 background) crossed to w 1118 flies.
6 8
Lk-GAL4 driven Lk-RNAi results in a significant decrease in LK-immunoreactivity 2 6 9
in both the brain (Figure 5A , C) and VNC ( Figure 5B ). These flies with Lk knockdown 2 7 0 display increased survival under desiccation ( Figure 6A ), starvation ( Figure 6B ), and 2 7 1 ionic stress ( Figure 6C ), but there is no difference in chill coma recovery between 2 7 2 experimental and control flies ( Figure 6D ). Moreover, food intake in CAFE assay is not affected by Lk knockdown ( Figure 6E ) (see also [22] ), but these flies retain more water 2 7 4
( Figure 6F ) as demonstrated earlier [50, 24] . Previous work had shown that inactivation 2 7 5 of LK neurons resulted in increased survival under desiccation, but had no impact on 2 7 6 starvation resistance [24] . Furthermore, in that study, both the activation and contrast to another study employing LK and LKR mutants, which did not find altered 2 7 9 overall food intake, but rather an increase in meal size [22] . Hence, our data on 2 8 0 desiccation are in agreement with previous findings and clarifies the discrepancies in 2 8 1 previous results on food intake as possibly caused by the presence of another 2 8 2 neuroactive compound in the LK neurons that affects feeding. Data are summarized in 2 8 3 Table 3 . Knockdown of DH44 with Lk-GAL4 impacts stress response and feeding 2 8 6
We verified the efficiency of DH44 knockdown using a ubiquitous driver (Actin 5c-GAL4)
and a specific driver (DH44-GAL4). Knockdown of DH44 with both these drivers results 
Knockdown of Lk with DH44-GAL4 impacts stress response and water content
3 0 2
Next, we wanted to determine the effects of knocking down Lk in adult-specific ABLKs.
3 0 3
We first confirmed that DH44-GAL4 driven Lk-RNAi results in an efficient knockdown in ( Figure 8C ), as well as a significant delay in recovery from chill coma ( Figure 8D ).
1 1
Similar to the global Lk knockdown with Lk-GAL4, Lk knockdown in ABLKs has no effect 3 1 2 on feeding ( Figure 8E ) but results in a significant increase in the water content of the 3 1 3 flies ( Figure 8F ). This suggests that the effects of LK on stress response and water 3 1 4 content could be attributed to ABLKs, and perhaps the LHLKs and SELKs of the brain 3 1 5 play little to no part in these processes. Data are summarized in Table 3 . Knockdown of DH44 with DH44-GAL4 impacts stress response and feeding 3 1 8
Knockdown of DH44 with DH44-GAL4 results in an efficient knockdown in the brain 3 1 9
( Figure 5F ) and VNC ( Figure 5G ). Staining is abolished in MNCs but not in the other
cells in the brain suggesting that staining in those cells is not specific for DH44 ( Figure   3 2 1 5F). In order to determine if there is any interaction between LK and DH44 signaling, we the lack of DH44 with increased LK expression ( Figure 5D , E). Moreover, flies with 3 2 5
global DH44 knockdown display no effects on survival during desiccation ( Figure S6A) ,
but show increased resistance to starvation ( Figure S6B ), ionic stress ( Figure S6C ), and 3 2 7 a small but significant delay in their recovery from chill coma ( Figure S6D ). Furthermore,
flies with DH44 knockdown display no difference in feeding ( Figure S6E ) and water 3 2 9 content ( Figure S6F ) compared to control flies. Data are summarized in Table 3 . Since LK and DH44 are coexpressed in ABLKs, they could potentially be coreleased 3 3 7
into the hemolymph and result in functional interaction at the target tissue. One such 13 results in a secretion rate that is approximately the sum of the secretion rates obtained 3 4 5
following the addition of each of those peptides separately ( Figure 9A -D, Table 4 ). This 3 4 6 additive effect is more prominent when using a higher dose of DH44 (10 -7 M instead of 3 4 7 10 -9 M) ( Figure 9C, D) . The amount of fluid secreted with peptide stimulation is also a 3 4 8 reflection of these increased secretion rates ( Figure 9E, F) . Hence, 10 -7 M DH44 and in Figure 9A Previous studies have shown that knockdown of peptides could influence the 3 6 1 expression of their receptors and vice versa (see [43] ). We wanted to determine indicate that there is no significant difference in LK-stimulated (10 -9 M and 10 -10 M) is similar to previous work where DH44 (10 -7 M) secretion rates were similar in tubules Our study reveals that a portion of the LK expressing neurosecretory cells (ABLKs) in [56]. Colocalization of these peptides in multiple insect orders, including basal orders, 3 7 5
suggests that this colocalization and the subsequent functional interaction between 3 7 6 these signaling systems evolved early on during insect evolution. Since ABLKs are the 3 7 7
sole neurons producing both peptides in Drosophila we were able to use GAL4 lines to 3 7 8 knock down each of the two peptides in these cells only and thereby isolate the contribution of the ABLKs to physiology. This enabled us to establish that these 3 8 0
neuroendocrine cells are sufficient for many of the functions assigned to DH44 and LK only ABLK neurons, we find that both DH44-RNAi and Lk-RNAi in these cells increases 3 9 0 resistance to desiccation, starvation and ionic stress. This suggests that diminishing the 3 9 1 release of these two peptides from ABLKs is sufficient for this phenotype to occur. However, food intake is not affected by LK-knockdown in ABLKs, whereas DH44 3 9 3 knockdown diminishes feeding, and conversely knockdown of LK in ABLKs result in 3 9 4 increased body water content, that is not seen after DH44-RNAi. Thus, the two 3 9 5 colocalized peptides appear to display similar systemic actions, but differ with respect to 3 9 6 feeding and water retention. When knocking down LK in all LK neurons we obtained a 3 9 7
very similar set of effects as when we targeted only the ABLKs, indicating that in the 3 9 8
assays we performed in our study, the other two sets of LK neurons (LHLK and SELK) Interestingly, knockdown of DH44 in ABLKs increases resistance to desiccation 4 0 1 and decreases feeding, but we failed to see these effects when we diminish DH44 in all 4 0 2 DH44 neurons. This is consistent with previous work where inactivation or activation of 4 0 3
15
DH44 neurons had no effect on food intake [37] . Perhaps, the effects seen following We also demonstrated that DH44 and LK have additive effects on fluid secretion 4 1 0
in MTs. It is likely that these two colocalized peptides are released together and act on water and ion regulation in the fly. Not only do the ABLKs produce two diuretic hormones, they also seem to be peptides have been identified on these cells in adults: the serotonin receptor 5-HT1B, expression of these receptors on adult ABLKs has so far not been investigated.
2 9
Interestingly the functions of ABLKs in larvae, studied so far, seem to be primarily In this context it is worth noting that during metamorphosis 6-8 novel ABLKs 4 3 4 differentiate anteriorly in the abdominal ganglia [48, 29] , and these are the ones that starvation and ionic stress, as well as modulating feeding and water content in the body. The authors declare that they have no conflict of interest. in the brain (approximate location of these cells is indicated by the white box; see figure myr::GFP-p10 was utilized in A, C and E whereas UAS-mcd8-GFP was utilized in B. 
